Integration of Adenovirus Type 2 DNA in Productively Infected Cells: Results of Sequential Hybridization Experiments
(Accepted I December I977) suMMARY In human KB cells permissively infected with adenovirus type 2, the high mol. wt. forms of virus DNA have been characterized. These size classes of virus DNA sediment at > iooS and 4o to 9oS in alkaline sucrose density gradients. Considerable evidence from a series of earlier communications supports the notion that the high mol. wt. forms of virus DNA represent virus DNA sequences covalently linked to cellular DNA. 3H-labelled high mol. wt. adenovirus type 2 DNA from productively infected cells can be shown to hybridize to virus DNA fixed to filters. In the present paper we demonstrate that on alkali elution of the DNA from the filters used in the first step of the hybridization experiment, the labelled DNA re-hybridizes to cellular DNA in the second step of a sequential hybridization experiment. The order of performing the two successive hybridization experiments can be reversed and very similar results are obtained. These data provide conclusive evidence for the covalent linkage of virus and cellular DNA sequences in KB cells productively infected with adenovirus type 2.
In human KB cells productively infected with adenovirus type 2, virus DNA sequences have been found in four size classes which can be separated by zone velocity sedimentation in alkaline sucrose density gradients: virus DNA sequences sediment at > IooS, 4o to 9oS, 34S and < 2oS (Burlingham & Doerfler, i97i ; Doerfler et aL I97I, ~974; Burger & Doerfler, I974) . Several lines of evidence demonstrate that the high tool. wt. (HMW) forms of virus DNA (> IooS and 4 ° to 9o S DNA) contain virus DNA sequences which are covalently linked to cellular DNA (cf. Doerfler et al. I977 for review). The HMW virus DNA is detectable very early after the infection of permissive cells (Schick et al. I976 ) and exhibits a buoyant density in alkaline CsC1 density gradients which is intermediate between the densities of cellular and viral DNA (Burger & Doerfler, I974) . Using restriction endonucleases BamHI, EcoRI or SalI, the HMW DNA isolated early from productively infected cells can be fractionated and virus DNA sequences can be detected in various size classes by DNA-DNA filter hybridization. Fragments of cellular DNA containing virus DNA sequences have mol. wt. which are either higher than the largest virion DNA fragment produced by the same endonuclease or are intermediate in size between the mol. wt. of the restriction enzyme fragments of virion DNA (Schick et al. I976; Baczko et aL I978) . Virus DNA fragments coinciding in size with the authentic virion DNA fragments are also produced. In the 4o to 9oS size class of virus DNA, the right molecular terminus of the virus genome is over-represented at least IO-to 15-fold as compared to the left terminus of the molecule. In fact, there is a gradient of representation increasing from the left to the right molecular ends (Fanning & Doerfler, I977 * KB cells were infected with adenovirus type 2 as described. The cells were labelled with 3H-thymidine (1oo/~Ci/ml) from I8 to 20 h p. i. At the end of the labelling period, the cells were lysed in alkali and the total intracellular DNA was fractionated by zone velocity sedimentation in alkaline sucrose density gradients. Details of these techniques have been described (Burger & Doerfier, I974; Fanning et al. I978) . DNA from the following size classes was pooled and analysed by DNA-DNA filter hybridization to Ad2 or KB DNA: > IooS, 4o-9oS, 34S, and < 2oS. "~ The percent values listed have been corrected for empty filter binding (mean value of I .o ~). Empty filters did not carry any DNA and, prior to use, were coated with Denhardt's solution (2o mg each of bovine serum albumin, Ficoll and polyvinylpyrrolidone in IOO ml of 3 × SSC). When empty filters were used, the percent values have not been corrected. :~ For re-hybridization experiments, the ~H-labelled DNA was eluted from the filters by shaking in o.I N-NaOH, o.I ~ SDS, o-ooI M-EDTA for 2 h at 37 °C and re-hybridized to KB DNA (when eluted from Adz DNA filters) or Adz DNA (when eluted from KB DNA filters). Doerfler, unpublished data) .
In the present communication we report the results of sequential hybridization experiments using the HMW DNA from adenovirus type 2-infected KB cells. The data provide further direct support of the integration model. The biological significance of integration in productive infection remains to be determined.
All the techniques used in these investigations have previously been described in detail. KB cells growing in monolayers (I to 2 x IO s cells per 60 mm diam. plastic dish) were infected with CsC1 purified adenovirus type 2 (Ad2) at a multiplicity of infection of about Ioo p.f.u./cell. Between I8 and 20 h p.i., the cells were labelled with 3H-thymidine (ioo #Ci/ ml). At the end of the labelling period, the cells were lysed in 0"5 N-NaOH, o'o5 M-EDTA, and the different size classes of newly synthesized DNA were separated by zone velocity sedimentation in alkaline (o'3 N-NaOH, 0"7 ~a-NaCl, 0-oo5 M-EDTA) sucrose density gradients as described elsewhere (Burger & Doerfler, I974) . Similar results were obtained when the cells were lysed in I N-NaOH, o. I M-EDTA and when the sucrose solutions were 0"9 N-NaOH, o.I M-NaC1, o.oI M-EDTA (Fanning et al. I978 ). DNA from the four different size classes, > IooS, 4o to 9oS, 34S, and < 2oS, was pooled, neutralized and analysed by the DNA-DNA filter hybridization technique of Denhardt (1966) as described earlier (Schick et al. I976; Tjia et al. I977) .
The sequential hybridization procedure was originally developed by Lavi & Winocour (I972) and somewhat modified in our experiments (Tjia et al. I977) . Briefly, all-labelled DNA annealed to the DNA on the filters in the first hybridization step was eluted by shaking for 2 h at 37 °C, after the filters had been extensively washed in several changes of o'oo3 M-tris-hydrochloride, pH 9"2 and with H20. The elution buffer was o.I N-NaOH, o'I ~ SDS, o.ooI M-EDTA. After elution, the solution was neutralized with I ~-HCI, I M-tris-hydrochloride, pH 7"5, and the re-hybridization experiment (second step of sequential procedure) was immediately started. The eluted DNA was heat-denatured immediately prior to re-hybridization. On an average between 70 and 96 ~o of the labelled DNA could be eluted from the filters (Tables I, 2 ). The amount of ~H-radioactivity bound to filters was determined in a toluene-based scintillator using Packard Liquid Scintillation Spectrometers, models 333o or 3255 .
The results of a number of independently performed hybridization experiments are listed in Table I and summarized in Table 2 . The all-labelled DNA in the > Ioos size class hybridizes to Ad2 DNA I5"3 ~ (experiment 2-1), and 26.8 ~ to KB DNA (experiment a-0. The eluates from the Adz DNA filters re-hybridize to KB DNA 5"5 ~ (experiment I-2), and the eluates from the KB DNA filters to Ad2 DNA 4-I ~ (experiment 2-2). As outlined in the legend to Table I, all the values presented in Tables I and 2 have been corrected for empty filter binding and represent the means of numerous experiments. The results of control experiments (experiment 3) indicate that Adz DNA hybridizes to Ad2 DNA on filters to > 9I ~, whereas KB DNA shows close to 27 ~ hybridization to KB DNA. Hybridization values of DNA to empty filters or of Ad2 DNA to KB DNA or vice versa were < I ~oo-The all-labelled DNA in the 4 ° to 9oS size class hybridizes to Adz DNA more than 49 (experiment I-2), and to KB DNA 8.6 ~ (experiment 2-2). The eluates from the Ad2 DNA filters re-hybridize to KB DNA 2"5 ~ (experiment I-2), and the eluates from the KB DNA filters to Adz DNA 46.8 ~ (experiment 2-2).
In control experiments the DNA in the 34 S and < 2oS size classes was analysed in the same way. In the < 2oS DNA surprisingly high amounts of 3H-labelled DNA could be re-hybridized to KB (5"8 ~, experiment 1-4) or Adz DNA (> 64 ~, experiment 2-4). This finding would suggest that the < 2oS DNA also contains virus DNA sequences covalently linked to cellular DNA.
The fact that the HMW forms of DNA from KB cells productively infected with Adz hybridize sequentially first to Adz DNA and then in the second step of the reaction to KB DNA or vice versa, represents further direct support for the notion that adenovirus type 2 DNA sequences become covalently linked to cellular DNA during productive
